Our results have provided an estimate of the biodiversity of pan tropic coral reefs that is more than 3 times higher than that previously published. The biodiversity of global coral reefs has recently been estimated at approximately 1 million species based on what is currently known about tropical rain forests. However, in order to determine the actual biodive~sity of even a single coral reef locality, an extensive team effort on the part of hundreds of specialists would be required. Close exanlitlation of the mature 5 m2 Caribbean coral reef microcosm described in this paper provided 534 species, with an estimated 70% tallied. Using the areddiversity relationship S=kAZ, we were able to more accurately assess the probable biodiversity of wild reefs. This outstanding species biodiversity, based in an extensive range of higher taxa, reconfirms the essential need to restore and conserve one of the most precious ecosystems on earth.
INTRODUCTION
In the middle decades of the 20th century, it was widely accepted by biologists that about one million currently-living species xcurred on the planet earth. Grave doubts have been raised in recent decades, primarily based on modern studies in tropical rain forests, that this number is even remotely close to reality. Indeed 10 million is currently a low estimate with some scientists citing 30-100 million species (Wilson and Peter, 1988; Ehrlich and Wilson, 1991; Wilson, 1992; Stork, 1993; Lovejoy, 1997) .
While coral reef biologists have long known that tropical reefs are rich in species, no serious effort has been made to actually "dissect" a well-developed reef ecosystem to determine a realistic biodiversity number. In truth, a thorough study would be extraordinarily difficult and would require a team effort by hundreds of specialists. A recent analysis of what is known about coral reef biodiversity (93,000 identified species) and what can be estimated about actual biodiversity (950,000 predicted species) has been carried out by Reaka-Kudla (1997) . We quote the ltey elements of Realta-Kudla's conclusions: "These analyses suggest that about 93,000 total described species of all taxa occur on coral reefs, wl~ich represents about 5% of the described global biota. These numbers are considerably lower than the number of species that are 'Marine Systems Laboratory, National Museum of Natural History, MRC 164, Smithsonian Institution, Washington, D.C.
Manuscript received 1 July 1998; revised 18 Augiist 1998 estimated to occur in rain forests. However, coral reefs occupy only 5% of the global area of rain forests. If coral reefs were equivalently studied and contained as much biodiversity as rain forests per km2, and if rain forests contained 2 million species, then coral reefs should include approximately 950,000 species. The difference between the numbers of described (93,000) versus expected (950,000) species suggests that coral reefs are repositories of very high undocumented species diversity. Most species on coral reefs are relatively small and cryptic, and difficult to observe and collect. This, in combination with the fact that tropical environments and particularly tropical marine habitats receive less study than those of higher latitudes or terrestrial sites, suggests that many coral reef taxa are indeed very poorly known." Adey (1983) suggested that microcosms of coral reefs could be utilized to better understand the function of these extremely complex ecosystems. Although this approach has not been widely utilized by researchers, more recently, the microcosm described herein has been employed effectively as a tool to better understand reef metabolism, specifically the process of calcification and its relationship to photosynthesis (Small and Adey, in manuscript) . As that study has demonstrated, properly constructed microcosms have the ability to maintain a natural reefs physical, chemical and biological characteristics for many years; thus microcosms have the capability to be used as tools in the first approaches to solving many extremely difficult problems, such as the magnitude of biodiversity, the nature of community structure and their controlling factors. The larger, and generally far more remote, reef ecosystems of tropical seas can then be approached in silu to test the hypotheses already developed and tested at a more manageable and controllable laboratory scale.
In this paper we present the results of a year-long study of the biodiversity of a mature coral reef microcosm used primarily for metabolism and calcification research. Except for specific, macro species additions for research, amounting to less than 5% of the total flora and fauna, the biota of this system was taken in two distinct collections made in 1983 and 1991 at a single coral reef locality in the tropical West Atlantic. This represents what could be termed two sets of samples from a single habitat (and is therefore a sample of alpha diversity), while the only sufficient comparison that is available is an estimate of gamma or regional reef diversity taken from multiple samples (i.e. many thousands) over long periods of time.
As we describe in this paper, the extraordinary diversity found in this microcosm, based on minimal collections from a single locality in the Tropical Western Atlantic, suggest a considerably larger diversity in tropical reefs than that described above.
MATERIALS & METHODS
The biodiversity of a Caribbean coral reef n~icrocosm, which has been functioning without significant biological input for over 7 years, was determined (Figure 1 ). Originally set up in 1988, the microcosm is a 400 liter system with a 1,280 liter refugia, and was physically and metabolically modeled after the reefs of St. Croix where adequate data were available (e.g. Adey and Steneck, 1985) . Significant biologicallecologica1 collections were made fro111 Mayaguana, in the Bahamas, with the last collection occurring in 1991. Refer to Lucltett ct a1. (1996) and Adey & Loveland (1998) for detailed information 011 construction, microcosm set up, daily maitite~iance, lighting, pumps, refugia, and algal turf scrubber technology (used to match water chemistry with long and short term conditions on the St. Croix reef). The physical and chemical components of the microcosm and the methods used for collection and identification of its species are discussed below.
Pl<ysiccd uizd Clzemical Componetzts of the Microcosnz
Slnall and Adey (in manuscript) deterrnilied the physical and chemical components of the microcos~ii to closely match those of St. Croix (Table I ). The yearly mean total of daily radiation was determined with a pyranograph to be 220 Langleys (cal./cm2). The light levels of the St. Croix fore-reef are approximately 220 Langleys at a depth of 5 meters (Kirk, 1983; Adey and Stcneck, 1985) , therefore the physical and chemical components of the microcosni were compared to the St. Croix fore-reef (see Table I and Adey and Steneck, Table 1 . Modified from Small and Adey (in manuscript) . Comparisons between microcosm and St. Croix reefs (annual mean or mean daily range with standard error). The St. Croix data is from Adey and Steneck (1985) . "indicates the data represents tropical Atlantic means from Millero & Sohn (1992) ; no data available for St. Croix. **indicates the data represents tropical Atlantic means from Sverdrup et al (1942) ; no data available for St. Croix. ***indicates data represents tropical world wide means (Pichon, 1995) ; n m The minor variations between the microcosm, as described, and the physical and
. . Without a constant supply of open ocean water, the primary elements of variation (calcium concentrations and alkalinity) continually fall during the day due to calcification, but remain
. .
stable at night (Small and Adey, in manuscript) . It was therefore necessary to maintain the concentrations of these elements by daily addition of calcium and bicarbonate. In an effort to keep the calciun~ and bicarbonate in the microcosm from depleting below nornlal tropical oceanic levels after a full day of calcification, the mean concentrations were maintained at 491 * 6 mg/l (n=33) and 2.88 i 0.04 meqll (n=59), respectively. These elevated levels of calcium and bicarbonate did not significantly effect the calcification rate as demonstrated by student's t-test (Small and Adey, in manuscript) . Though the calcification rate of the microcosn~ ecosystem is 4.0 i 0.2 kg CaC0,/m2/year (n=ll; based on alkalinity depletion) to 4.4 rt 0.1 kg CaC0,/m2/year (n=365; based on calcium input), individual coral colonies are calcifying at rates as high as 20 kg CaC0,/in21year (e.g. Acropora sp.) (see Small and Adey, in manuscript, for rates of all microcosm components).
The gross primary productivity (GPP) of the microcosm (14.2 i 1.0 g 0,/m2/day; n=4) is higher than the world-wide averages for tropical reefs (10 g 02/m2/day) (Crossland et al, 1991) . However, it is 1.5 g 0,/m2/day lower than that determined for the St. Croix forereef by Adey and Steneck (1985) . Thcse differences in the mean GPP of the microcosm and St. Croix can be explained by the differences in spatial heterogeneity. Because of the much smaller area of the enclosed tnicrocosm, spatial heterogeneity cannot be developed at levels equivalent to the very high spatial heterogeneity of the well-developed Caribbean fore-reef.
Collection and identification Procedures

Orieinal Colleclions
The vast majority of the organisms present in the microcosm came from two original collections on the southwest reef of Mayaguana. Both of the collections were part of larger collections made for an exhibit n~icrocosn~ in the Smithsonian Institution's Natural History Museum. These collections were mini-ecosystem collections of 50-70,0.03 m3 units (lugs), which contained live-sand, live-rock, specific macro-invertebrates, algae and fish. The first collection occurred as several sub-collections from 1980-1983, and was flown in coolers by plane directly to the larger exhibit microcosm at the Smithsonian, and maintained there until 1988 when a small portion was then transferred to establish the microcosm described in this paper. The primary collection (1991) was transported by research vessel with ocean flowthrough capability from the Bahamas, up the Gulf Stream to Cape Hatteras. At Cape Hatteras, the collection systems were converted to on board algal turf scrubber control (Adey and Loveland, 1998) for about 24 hours until arrival at the microcosm system on the shore of the Chesapeake Bay. It was from this larger collection that sub-samples were taken to provide the majority of the microcosm ecosystem. The remainder of the collection was then transferred to a rebuilt exhibit microcosm at the Smithsonian.
In addition to the species from the Mayaguana collections, a few Indo-Pacific species were introduced within the first years of operation ( i e giant clams, soft corals, fish). These species were bought as individuals, with little possibility of accidentally introducing other organisms. More recently, fish have occasionally been replaced when necessary (as they were lost by internal predation). Finally, in 1996, two species of Indo-Pacific stony coral (Acropora sp. and Montipora digilata) mounted on plastic holders at Inland Aquatics inTerre Haute, IN (and therefore without other species on their bases) were added for deterinination of calcification rates (Small and Adey, in manuscript) . The only possible source of unlcnown organism introduction would be through the addition of Chesapeake Bay water that was exchanged in small amounts daily (2 L). In order to reduce the introduction of larvae and microorganisms in the water, the Bay water (-18 ppt) was increased in salinity by the addition of aquarium salts to -50 ppt, and then brought back down with distilled water to normal tropical oceanic concentrations (-35 ppt), over a few days time in a dark holding reservoir. The analysis of the microorganisms present in the Chesapeake Bay, the holding reservoir, and microcosm showed only four possible species that might have been introduced to the microcosm using this technique. These cosmopolitan species occur naturally in bracltish and fully saline waters.
With exception of the few selective introductions mentioned above, there has been no significant input of organisms into the microcosm for 7 years. The vast majority of species found in the microcosm today have been maintaining viable populations through reproduction.
Organisms were identified whenever possible without removal from the microcosm. This was only possible for about 10% of the total species found. To minimize disturbance of the 400 liter portion of the microcosm, only those organisms that could be identified without removal or with minimal disturbance of the entire system, were identified. The much larger refugium allowed for live-rock and sand samples to be taken without impactiug the ecosystem. Sand was sieved for removal of larger organisms and the remaining sand was sorted through under a dissecting nlicroscope. Small pieces of live-rock were also placed under the dissecting microscope for locating species on the surface. Larger pieces of liverock were brolten open to reveal species hidden inside. Representative samples of live-rock and sand were talcen from different areas and depths within the microcosm.
The majority of macro species were able to be identified by being placed live under the dissecting microscope. 'These organisms were returned to the system after the identifications were made. Many of the smaller invertebrates were collected and fixed for identification. Arthropods and sponges were fixed and preserved in 70% ethyl alcohol. Polychaete worms were narcotized with 7.5% MgCI, in seawater, fixed in 10% formalin, and preserved in 70% ethyl alcohol. Sipunculids were relaxed in 7% MgC1, in freshwater, fixed in 10% fonnalin, and preserved in 70% ethyl alcohol. Except for about twenty larger species collected individually by hand or forceps, the algae were taken as samples of substrate, teased apart under a dissecting microscope and identified under the compound microscope. A Scanning Electron Microscope (SEM) was used in the identification of diatoms.
Microorgallisms were collected and identified alive using an array of techniques. For artificial substrates, inverted 50 mm plastic petri dishes inserted into Styrofoam cup sections were placed on the water's surface (Spoon and Burbanck, 1967) , and glass slides with glass coverslips (affixed with thin strips of 50 pm thick AdcomTM double sticky tape) were inserted vertically into the sediment creating horizontal cllambers at different depths. Microcompression chambers for detritus sainples were created on glass slides by using thin plastic HaudiwrapTM film as a gas exchanging coverslip (attached peripherally with Dow CorningTM silicone stopcock grease), which allowed for living preparations to last many hours (Spoon, 1976) . In addition, plankton samples were collected by filtering water through I00 i .~n~ and 20 win meshes.
Identifications
The major taxonomic groupings of orgallisms were divided amongst the authors for identification. Walter Adey was responsible for the algae, iucluding diatoms but excluding dinoflagellates, Allegra Small was responsible for the macroscopic animals, and Don Spoon for the protozoa, dinoflagellata and microinetazoa. Due to high diversity of the macroscopic invertebrates and the difficulty in identification of a great number of species, the majority of invertebrates were ideutified only to family level and then sent to the appropriate specialist for further identification. Table 2 lists the assisting specialists and their taxonomic group of expertise. For organization at higher taxonomic level, Parker et a1 (1982) was used as a guideliue, except in the case of the I'rotists, in which (Corliss, 1994) was used.
Approximately one year of roughly one-third time was spent in this collecting/identifying endeavor. Another year of similar time would have been required to nearly complete the tally, and several additional specialists would have beeu required (nematodes, fungi, bacteria, viruses, parasitic genera and the minor phyla not yet explored). It is our mutual judgement that approximately 30% of species in the system remain uncounted, not including bacteria, viruses and parasites, which would liltely add an order of magnitude to the species count. Since bacteria, viruses and parasites are not usually considered in biodiversity estimates: we do not consider them in our calculations for coral reef biodiversity. With increasing intensity of examination of the microcosn~, special precautions would have to be taken to avoid altering the ecosystem through collection procedures.
RESULTS
The results of the species collections and identifications are listed in Appendix A. A total of 534 species were found at last count, with several phyla not considered, and approximately 30% of species unaccouuted for. At higher taxonon~ic level, distribution of species number is approximately 25% algae, 45% invertebrates, 30% Protozoa and lower Metazoa, and only a few chordates. These percentages are referring to the number of species in each grouping, not the abundance. Abundances of each species were difficult to estimate with any level of accuracy due to the destructive sampling techniques required to do so. The higher taxonomic diversity, with thc 534 species spanning 96 orders and 27 phyla, makes this coral reef microcosm a truly diverse ecosystem. Using the standard relationship between species diversity and area (S=kAZ) that has been utilized since the 1960's for relating biodiversity to area, and more recently used by Wilson (1992) , May (1994) and Realta-Kudla (1997) , it is possible to estimate the total number of species that should appear in natural coral reefs worldwide based on this microcosni. The first step is to determine, based on our diversity of a 5.0 m2 Caribbean coral reef microcosn~, the estimated diversity of the Caribbean reefs. To do this the Z value of 0.25 (Realta-Kudla, 1997) and the Caribbean coral reef area as determined by Spalding and Grenfcll (1997) (A=23 x lo9 ni2 ) was used. Note that the value of the constant (k) will be the same for the microcosrn and natural reefs, so it can be canceled out on both sides of the equation. The calculations for the first step are as follows: S,=predicted Caribbean reef diversity; S,=diversity ofthe microcosm (532, without bacteria); A,=arza Caribbean reefs; &=area microcosm; 2=0.25
With the diversity of Caribbean reefs at about 1112th of that of pan tropic coral reefs (based on I'aulay, 19971, and with the estimated Caribbean reef diversity of approxin~ately 138,000, it can be further interpolated that the pan tropic reefs have a diversity of 1,656,000 species. These diversity numbers for the Caribbean and pan tropic coral reefs are a bare minimum. Considering that the actual diversity of the 5.0 m2 microcosm is more likely to be 30% higher than determined (due to the estimated number of species not yet found and the various phyla not considered), the Caribbean and pan tropic reef diversities can be recalculated to be: 111 addition, the microcosm has been running for 7 years without significant introduction of species. It can be safely assumed that many species were not represented in the original collections, and that additionally some did not survive either translocation, 7 years of life in the microcosm, or were not able to reproduce due to lack of a mate or for other reasons. Conservatively estimating the number of species that did not survive the extended period of time in the microcosn~ to be approximately 20 * lo%, we can once again recalculate the predicted diversity of Caribbean and pan tropic reefs to be: The difference between this estimated 2.6 million species pan tropic and the previously published estimate of 950,000 species (Reaka-Kudla, 1997) is even greater when considering the differences in coral reef areas used for the respective calculations. ReakaKudla used a pan tropic coral reef area of 6.0 x 10" m2 for her calculations (a commonly used estimate of reef area; Smith, 1978) . For our calculations, we used the more conservative and recent coral reef area estimates of Spalding and Grenfell(1997) , 23 x 1 O9 mZ for Caribbean reefs, and 2.6 x 10" m2 pan tropic. For comparison to Reaka-Kudla's numbers, our estimated biodiversity can be further adjusted, using the less conservative area of 6.0 x 10" m2 and the formula above, to be approximately 3.2 million species pan tropic.
'Though the actual current area of worldwide reefs may be debatable, our numbers show that the biodiversity of pan tropic reefs to he more than 3 times what has been previously estimated.
DISCUSSION
The S=kAZ relationship is basically empirical. Whether it adequately states the difference between alpha (habitat) and gamma (regional) diversity, with the equation allowing for the increase in habitats with greater area, or whether there are significant additional factors probably doesn't matter to its use in this context. What probably does matter is that the relationship was developed largely for vertebrates in island terrestrial communities. It certainly has not been adequately tested for marine ecosystems and especially very high diversity ecosystems. Accepting that this relationship is all we have to work with in this context, and it is widely used, our primary concern for the use of the coral reef microcosm for estimating natural reef diversity is whether or not the Mayaguana reef habitat was adequately sampled.
As was shown by Small et a1 (1996) , for relatively simple stream systems with a macrophyte species count of 30-60 species, at least 10 samples considerably larger (-5 m2) than that en~ployed here were required to approach local ecosystem diversity. In this case, only a limited taxonomic group was being considered. Gage and Tyler (1991) describe the similar rarefaction technique used in sampling deep sea soft bottom fauna. In one case cited, 168,O.l m2 box cores failed to produce a rarefaction curve that approached the asymptoteor in other terms, 25 species were still being discovered as each in2 of sample was added, at the limit of the curve. This kind of information is not yet available for coral reef ecosystems. However, it seems reasonable to state that the sampling employed in the collecting process of this investigation (smaller sub-samples of the approximately 120, 0.03 m' samples talcen at two separate times) could not begin to sample adequately the total biodiversity of the Mayaguana reef. Thus, the samples returned to the n~icrocosn~ for community and ecosystem development must have considerably understated the actual diversity of the Mayaguana reef.
Although considerable efforts were talcen to avoid species loss in transit, certainly some especially larger species were Lost in transit or in the process of establishment in the new habitat. Even in newly available wild habitat, a considerable period of time is required to build up to typical species densities. Thus, as large as the species density is in this relatively small microcosm, it almost certainly understates coral reef diversity in situ.
Though the microcosm has an inter-reef refugium to aid in larval development outside of predation, it lacks the essential open ocean refuge for those species that live and breed on coral reefs but spend their larval phases in open water where predation is considerably less marked. Many fish species are in this category and spend weeks to months in open ocean plankton. Indeed, coral reef fish often reproduce in microcosms but the larvae do not ~ucce~sfully recruit to the reef unless specific steps are taken to protect them from predation and provide appropriate plankton for feed (this has been accomplished for about two dozen fish species; e.g. Adey and Loveland, 1998) . Fish constitute less than 1% of coral reef species and this failure to generally maintain populations would make little direct difference to our overall diversity analysis. However, other invertebrate groups probably also fall into this category and thus would be a missing element in the microcosm. It should be emphasized that this particular microcosm, in part operates with bellows (rather than impell&) pumps and thus, at least in the 400 L section, planktonic stages could theoretically last indefinitely in the water column (and some clearly do so). However, this does not solve thc predation issue as it relates to those nlany species that require an open ocean refugium.
Reaka-Kudla based her calculations on the assumption that tropical rain forests contain 2 million species. She acknowledges that this is a conservative estimate, and predicts that if tropical rainforests contain more species, in turn coral reefs could contain more species. Based on a tropical rainforest diversity of 2 million species and what we now know to be the current estimate of coral reef diversity (2.6 -3.2 million species, depending on the true area of coral reefs), coral reefs have a much higher specieslarea density than rainforests. Otherwise, if it is indeed true that coral reefs have the same specieslarea density of rainforests, than the current estimate of tropical rainforest biodiversity used by Realca-Kudla (1997) is much too low.
CONCLUSION
Based on the 5.0 in2 Caribbean coral reef microcosm described in this paper, and the speciesiarea relationship S=kAZ, pan tropic coral reef biodiversity can be conservatively estimated to be approximately 3 million species. While major field efforts and continued microcosm development work is necessary to develop more acceptable numbers, this new estimate shows that the previous estimate of pan tropic coral reef biodiversity developed by Realm-Kudla (1997) is most certainly low. Whether actual numbers are only three times as much as Realta-Kudla's estimate or an order of magnitude higher cannot be stated at this time. The importance of coral reef biodiversity can be further recognized when considering that coral reefs have a much higher diversity at higher taxonomic levels than tropical rain forests (Paulay, 1997) . As most probably the ecosystem with the highest specific diversity (species per unit area) in the biosphere, each day's decline of coral reefs is a devastating loss to the human race. This concern need not be framed only in esthetic or local concerns. As coral reefs likely bear the highest specific diversity of yet unknown biochemicals, the ongoing loss of reefs is providing considerable loss of potential to the human pharmacopoeia. The clear concern by many scientists for the loss of these very rich ecosystems, before we even understand just how rich they are, is very real (Paulay, 1997; Reaka-Kudla, 1997; Adey, 1998) .
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